The Chiamydomonas reinhardtii gene encoding cytochrome c6 (Cyt c6) is transcriptionally repressed by cupric ions. In quantitating the level of expression of this gene as a function of cupric ions available per cell, we find that transformed Chiamydomonas reinhardtii cells that accumulate high levels of plastocyanin (a type
sion of Cyt c6 and plastocyanin is reciprocally regulated based on copper ion availability, such that plastocyanin accumulates only as long as sufficient copper is available to support its synthesis and function, whereas Cyt c6 accumulates only under conditions of copper deficiency (1, 16, 18, 24, 25, 31, 33, 33).
In Chlamydomonas reinhardtii, the copper-dependent accumulation of plastocyanin is effected by the differential stability of the holoprotein (tl/2> 8 h) relative to the apoprotein (t1/2 = 16-18 min) without any significant alteration in the synthesis, targeting, or proteolytic processing of the preapoprotein in copper-supplemented versus copper-deficient cells (18) . The level of plastocyanin in C reinhardtii is proportional to the amount of copper available until the plastocyanin content reaches approximately 8 x 106 molecules/cell (21) . This level of plastocyanin is presumably optimal for photosynthesis and is likely determined by intemal factors that govern the stoichiometry of the various thylakoid membrane components. Thus, further increases in medium copper (>8 x 106_9 x 106 cupric ions/cell) do not result in additional plastocyanin accumulation (21) .
In the case of Cyt c6, copper-dependent repression of its accumulation in C reinhardtii is achieved primarily via transcriptional control (21) , with little or no contribution from posttranscriptional processes (such as differential mRNA stability) (10) . The transcriptional response of the Cyt c6 gene occurs independently of the photosynthetic process (19) . Copper-dependent transcriptional regulation is reversible, dependent on the concentration of medium copper, highly specific for copper ions, and occurs within minutes after the addition of cupric ions to the growth medium (10, 21) , suggesting that repression of the gene encoding Cyt c6 is mediated (either directly or indirectly) by a pre-existing, copper-binding regulatory protein.
This copper-binding regulator2 is highly sensitive to cupric 2 We use the term copper-binding regulator to refer to a protein containing one or more copper-binding sites that functions as a cellular copper-sensor. This protein, by analogy to the ACEI gene product (29) , may alter expression of the Cyt c6 gene either by interacting directly with copper-responsive elements oh the gene, or indirectly through interaction with a copper-responsive elementbinding protein. Furthermore , this regulator may serve as an activator of transcription in its apo (metal-free) form and/or as a repressor in its holo (metalated) form. For the sake of clarity, until the mechanism of its action is known, we do not distinguish between these possibilities in referring to this copper-dependent regulator. 319 ions, with measurable responses occurring when as little as 2.5 nm cupric ion is provided to copper-deficient cells. The response at this concentration of copper is, however, transient. Full and sustained repression of the Cyt C6 gene is observed only when cupric ion is provided at >8 x 106 per cell (21) , a level that is sufficient to support plastocyanin synthesis at the stoichiometry required for photosynthesis (approximately 8 x 106 per cell). Based on these two results, we described a model to explain the sensory threshold of the copper-binding regulator where plastocyanin was proposed to function as a cellular copper 'sink,' so that the regulator of the Cyt c6 gene was titrated by copper only after plastocyanin had accumulated to the stoichiometry required for photosynthesis. The alternate model, where holoplastocyanin itself functioned directly as a regulator of Cyt c6 synthesis, was discounted because a plastocyanin-less mutant (containing <1% of wild-type levels of plastocyanin message and protein) was known to exhibit copper-dependent repression of the Cyt c6 gene (19) . Thus, plastocyanin is not required for the copper-dependent response of the Cyt c6 gene and does not directly participate in regulating Cyt c6 accumulation. Hence, a distinct copper-binding protein was invoked to serve the regulator function.
The previous work (19, 21) provided evidence for a titratable copper-binding regulator and its reversible interaction with copper. In this work, we test two other specific features of our proposed model: (a) the role of plastocyanin in setting the response threshold by acting as an intracellular 'coppersink' in the regulatory pathway, and (b) the degree of 'competition' between the regulator and plastocyanin. The former is tested by comparing the sensory threshold for copperdependent repression of the Cyt c6 gene in a plastocyanindeficient versus a plastocyanin-expressing strain, and the latter is tested by examining the steady-state relationship between expression of the gene encoding Cyt c6 and the level of copper available for plastocyanin biosynthesis using a sensitive assay that is quantitative over greater than a 100-fold range. We cohclude that (a) plastocyanin indeed functions as a copper sink, as proposed in the model, and (b) the regulator competes equivalently with plastocyanin for intracellular copper.
MATERIALS AND METHODS

Cell Culture and Growth Conditions
Cultures of Chlamydomonas reinhardtii wild-type strain 2137, from Dr. L. Mets, University of Chicago, were grown in copper-free 'TAP' medium (9) under constant illumination (125 ,E m-2 s-1). The plastocyanin-deficient mutant strain ac-208 (9, 23) was obtained from the Chlamydomonas Culture collection. Ac-208 and plastocyanin-expressing transformants (S. Merchant, H. Li, B. Morimoto, and K. Kindle, unpublished) of ac-208, derived by particle-gun transformation, were also grown in TAP medium under constant, low illumination (12-20,uE m-2/s-1). The two transformants (Nos. 9 and 20) described below were handled identically subsequent to transformation, selection, and colony isolation. To minimize selective pressure (for plastocyanin expression), the strains were maintained in copper-free, acetate-containing medium in dim light. Where indicated, copper-deficient cultures were supplemented with CuS04 from a stock solution. Cell densities were determined by counting (average of four determinations) in a hemacytometer after immobilization as described (9) . The reliability of cell counts was verified by spectrophotometric determination of Chl extracted from whole cells (21) .
RNA Preparation
Total RNA was prepared from vegetative C reinhardtii cells as described previously (10, 26) . For cell-free synthesis of Cyt c6-specific transcripts, a cDNA encoding Cyt c6 of C. reinhardtii was transcribed in vitro from an SP6 promoter (20) . The synthesized transcript was treated with DNAse I to remove the template, deproteinized by extraction with phenol:chloroform:isoamylalcohol (25:24:1) , and recovered by ethanol precipitation. The final RNA concentration was determined spectrophotometrically. Analysis of the in vitro synthesized transcripts by agarose gel electrophoresis indicated predominantly a single species.
The yield of Cyt c6 transcripts from our RNA preparations was estimated from the recovery of a standard amount of in vitro synthesized transcript added to copper-supplemented cells during the lysis step (26) of an RNA preparation. The total amount of Cyt c6 transcripts in the final, purified RNA preparation was quantified as described in the legend to Figure 5 and was found to be approximately 67% of the known standard amount added to the starting material. Because recovery of the aqueous phase after repeated extraction with phenol:chloroform:isoamyl alcohol is approximately 70% of the original aqueous volume, the loss of standard tracer message can be accounted for by loss of the aqueous phase during extraction. Re-extraction of lysed cells does not yield a significant amount of additional RNA. Thus, essentially 100% of the RNAs present in the sampled cells are recovered in the first extraction of the lysate. The yield of RNA was therefore estimated by recording the volume of aqueous phase recovered.
Northern Hybridization Analysis
Northern hybridization analysis was performed as described (10) using 32P-labeled cDNA inserts encoding Cyt c6, plastocyanin, or the small subunit of Rubisco (6) as probes. The amount of radiolabeled probe was experimentally verified to be in excess of the amount of hybridizable, filterbound mRNA (not shown). Hybridizing messages were visualized by exposure of the membrane to Kodak XAR-5 or XRP-1 diagnostic x-ray film. For quantitation of northern hybridization results, strips of the membrane corresponding to individual lanes were physically separated and the amount of bound probe was determined by liquid scintillation counting in a Beckman model LS 8100 liquid scintillation counter. Each strip was also individually exposed to x-ray film to verify that each lane was completely and distinctly separated. In some cases, the amount of radiolabeled, hybridizing sequence was also quantitated by densitometric scanning of the exposed x-ray film, as is customary for this type of analysis. Equivalent results were obtained regardless of the method used. Nevertheless, direct quantitation by liquid scintillation counting was judged to be more reproducible and reliable and the method is less subject to experimenter bias.
Preparation of Soluble Proteins and Western Blot Analysis
Preparation of soluble proteins for western blot analysis was performed as described (10). For estimation of the level of apo-and holoplastocyanin in these extracts, equivalent amounts of soluble proteins were separated on a 12% nondenaturing polyacrylamide gel (10) and transferred electrophoretically (50 V, 2 h) to Immobilon polyvinylidene difluoride transfer membrane (pore size 0.45 lim) in 25 mM Tris base, 192 mm glycine, and 20% methanol. Immunoreactive plastocyanin was detected by using polyclonal antibodies against plastocyanin, followed by detection of the bound antibody with the Vectastain ABC-AP (standard) detection kit (Vector Laboratories, Burlingame, CA).
Reagents
The sources of all other reagents are listed in previous publications (10, 20, 21) .
RESULTS
Plastocyanin Content Affects the Sensory Threshold for the Copper-Dependent Repression of Cyt c6
Our model proposes that the sensory range of the copperbinding regulator of the Cyt c6 gene is dependent upon the organism's capacity to synthesize plastocyanin. To test the model, it was necessary to construct essentially isogenic strains that differ only in the stoichiometry of plastocyanin per cell. It is possible to change cellular plastocyanin levels by manipulating medium copper ion availability or by altering growth conditions (dark heterotrophic versus photoautotrophic). Because any or all of these changes would also affect Cyt c6 synthesis (independently of plastocyanin levels), it was desirable to alter plastocyanin expression without modifying growth conditions. We chose, therefore, to generate essentially isogenic strains with different levels of holoplastocyanin by introducing the wild-type plastocyanin gene (S. Merchant, H. Li, B. Morimoto, and K. Kindle, unpublished) into a plastocyanin-deficient mutant (ac-208) of C reinhardtii (19) . Although the plastocyanin-deficient mutant, ac-208, differs from wild-type cells with respect to plastocyanin content (7, 19) (14) were introduced with sequences encoding C reinhardtii plastocyanin (S. Merchant, H. Li, B. Morimoto, and K. Kindle, unpublished) into ac-208 by either particle gun or glass bead transformation (13, 14) .
Because ac-208 is in a nitl-/nit2-background, transformants (e.g. Nos. 9 and 20) can be selected for expression of the introduced cab-nit construct on ammonium-free medium (U.
Blankenship and K. Kindle, personal communication). These transformants were further purified by at least two passages on ammonium-free medium. Individual transformants were then evaluated by (a) Southern hybridization for the presence of cotransforming plastocyanin DNA, (b) northern hybridization for expression of the introduced DNA, and (c) western blot analysis for holo-and apo-plastocyanin content. Transformant No. 9 contained one additional plastocyanin sequence compared to untransformed wild-type or ac-208 cells (not shown) and accordingly synthesized plastocyanin (Fig.  1) . Nondenaturing gels reveal that at least some of the plastocyanin synthesized in the transformant was in the holo form (i.e. associated with copper). The level of holoplastocyanin synthesized in transformant No. 9 is approximately 50% of the level observed in copper-supplemented wild-type cells. In contrast, transformant No. 20 did not contain additional plastocyanin sequences (not shown) and, hence, did not synthesize any plastocyanin (Fig. 1) . The phenotypes of the two transformants (Nos. 9 and 20) with respect to plastocyanin synthesis are found to be stable over a period of at least 8 months.
To test our model, we examined whether the plastocyaninexpressing transformant (No. 9) had a higher threshold for copper-dependent repression of Cyt c6 gene expression com- 20 9 --w plastocyanin Figure 1 . Western blot analysis of plastocyanin levels in ac-208 transformants. Equivalent amounts of total soluble proteins from ac-208 transformants Nos. 20 and 9 (see text) were separated on a 12% nondenaturing polyacrylamide gel. The amount of immunoreactive plastocyanin was estimated by western blot analysis as described in "Materials and Methods." The position of migration of holoplastocyanin is indicated. The other two polypeptides detected by this method are apoplastocyanin (upper band) and a dimeric form of apoplastocyanin (middle band) (16) . Note that apoplastocyanin is several-fold more immunoreactive than holoplastocyanin and the intensity of the signal is therefore not indicative of relative proportion. The amount of holoplastocyanin accumulated (per milligram total soluble protein) in transformant No. 9 is comparable to about 50% of the level found in wild-type cells. (Fig. 2) (Fig. 3) . This allowed us to test whether the regulator is titrated with copper only after the cell has synthesized its full complement of plastocyanin (as was proposed previously [21] ), or whether the regulator and the plastocyanin biosynthetic pathway have equivalent access to available copper and, hence, titrate simultaneously.
Because there is no evidence for differential copper-dependent transcript stability (10), northern analysis effectively reflects transcriptional activity of the Cyt c6 gene. Furthermore, northern analysis is a very sensitive assay, because a 100-fold range in the level of Cyt c6 transcripts is easily quantitated (see 'Materials and Methods'). For each sample, the level of transcripts encoding Cyt c6 was quantitated by liquid scintillation counting and normalized to the level of transcripts encoding the small subunit of Rubisco (not ) were maintained in copper-free medium (0) or in medium supplemented with 10 shown). Because the stoichiometry of photosynthetic reaction centers and, hence, plastocyanin in wild-type cells is well documented (21, 22) , it is possible to relate Cyt c6 expression to plastocyanin content in wild-type cells. The results from several such experiments (e.g. Fig. 3 ) indicate that the response of the Cyt c6 gene to copper ions is approximately linear in the range between 1 x 106 and 10 x 106 copper ions per cell-a range in which the plastocyanin content is also expected to vary approximately linearly between 10 and 100%. For example, at 2 X 106, 4 x 106, and 6 x 106 copper ions per cell, the cell has about 25, 50, and 75%, respectively, of the copper it needs to maintain plastocyanin synthesis at the level observed in fully copper-supplemented wild-type cells (i.e. 8 x 106 plastocyanins per cell) (21) . Under these conditions, the Cyt c6 gene is expressed at approximately 75, 50, and 25% of maximal levels (Fig. 3B) , probably reflecting the titration of 25, 50, and 75% of regulatory copper binding sites. We conclude therefore that the plastocyanin biosynthetic pathway and the regulatory molecule compete equivalently for intracellular copper. The relative level of Cyt c6 expression therefore roughly parallels the predicted deficiency in the desired steady-state plastocyanin content of wild-type cells (8 X 106/cell). Because the amount of Cyt c6 in C. reinhardtii cells is directly proportional to the amount of mRNA templates (12), it appears that the organism is striving to maintain a constant level of electron carrier (plastocyanin plus Cyt c6) per PSI.
The Cyt c6 Gene Is Essentially 100% Repressed in Fully Copper-Supplemented Cells If the sole function of Cyt c6 in C reinhardtii is to substitute for plastocyanin under conditions of copper deficiency, fully copper-supplemented cells would not be expected to synthesize any Cyt c6 and the Cyt c6 gene would accordingly be silent. On the other hand, if Cyt c6 has another metabolic function, independent of its role in photosynthesis, the gene would be expected to be active (at some basal level) even when the cell has its full complement of copper. To distinguish between these possibilities, the extent of copper-dependent repression of the Cyt c6 gene was determined by comparing Cyt c6 mRNA levels in total RNA preparations from copper-supplemented wild-type cells to a dilution series of total RNA from copper-deficient cells (Fig. 4) . The results indicate that even when RNA from copper-depleted cells is diluted as much as 1000-fold, Cyt c6-specific transcripts remain detectable by northern analysis, whereas no Cyt c6 messages can be detected in an undiluted RNA sample from copper-supplemented cells. Therefore, relative to total RNA or relative to other messages (e.g. the message encoding the small subunit of Rubisco), Cyt c6 transcript levels are reduced at least 1000-fold by cupric ions.
To determine the sensitivity of our assay, i. Figure 4 . Northern hybridization analysis of the extent of copperdependent repression of the gene encoding Cyt c6. Total RNA was prepared from C. reinhardtii cells maintained in the absence of added cupric ion (-) or in medium supplemented with 6 Mm CuSO4 (+). Total RNA from copper-deficient cells was diluted (1-, 10-, 100-, 500-, or 1000-fold) as indicated, by serial dilutions into a diluent containing an equal concentration of total RNA from fully copper-supplemented (6 MM) cells. Thus, the total concentration of RNA in all samples was kept constant, whereas the concentration of Cyt c6-specific transcripts was serially diluted. Ten Fig. 2; 6 x 106 copper ions are required per cell to achieve 50% repression of Cyt c6 transcription in a plastocyanindeficient strain versus 8 x 106 in a plastocyanin-expressing strain). Furthermore, in wild-type cells, the extent of repression by copper of the Cyt c6 gene correlates well with the fractional plastocyanin content, suggesting that copper is equally available to both the regulatory molecule and the plastocyanin biosynthetic pathway, which thus compete equivalently for a limited pool of copper in copper-deficient cells. We had previously proposed that Cyt c6 synthesis was repressed only after plastocyanin had accumulated to the stoichiometry required for photosynthesis (21) . However, that was based on a relatively insensitive and qualitative assay (i.e. Coomassie blue staining of proteins). The analysis used in this work is quantitative (as described in 'Materials and Methods') and sensitive over a 100-fold range. Thus, we have been able to demonstrate that repression of Cyt c6 synthesis titrates from 100 to 0% over the same range of copper concentrations as is required to increase plastocyanin content from 0 to 100%. Because the copper-requiring step in the biosynthesis of plastocyanin (i.e. formation of a stable holoprotein) is compartmentalized in the lumen of the thylakoid membrane (15, 18) , we cannot definitively conclude that partitioning of copper between the regulator (in the cytosol or nucleus) and plastocyanin (in the lumen) is set by their own relative cellular stoichiometries and affinities for copper. Distribution of copper between the regulator and plastocyanin might, for example, be determined by the affinities and directionalities of intracellular copper-transporting systems.
We propose that the C. reinhardtii copper-dependent regulator has copper-binding sites that are similar to the plastocyanin active site. This proposal is attractive because of its analogy to autoregulated metal-dependent gene expression circuits that function to maintain cellular metal ion homeostasis in other systems. For instance, in the case of two of the best-characterized examples, the copper-dependent regulation of the yeast CUP1 gene (8, 34) as well as the irondependent reciprocal regulation of the biosynthesis of the transferrin receptor and ferritin (reviewed in ref. 28) , it has been suggested that the regulatory molecules (the ACE1 gene product and the iron-responsive element binding protein, respectively) have evolved by the transfer of a metalloprotein metal-binding domain (from metallothionein or aconitase, respectively) to a nucleic acid-binding domain (3, 5, 23) . Also, recently, a bacterial ferredoxin has been proposed to function as a metal-dependent DNA-binding regulator via a conformational change that is effected by the conversion of a 3Fe-4S cluster to a 4Fe-4S form (30) .
It is unlikely that the copper-binding regulator in C. reinhardtii is related to the yeast copper-dependent activators of transcription (2, 5, 27, 32, 35) . First, the regulatory circuits display distinctly different metal specificities (10) . Second, only limited sequence similarity is noted between the consensus target site of the ACE1 gene product and 5' sequences flanking the C. reinhardtii Cyt c6 gene (10) , and the ACEI gene product does not bind to these C. reinhardtii sequences (D . Thiele, personal communication) . Finally, the C reinhardtii regulator prevents transcription in the metalated form, whereas the Saccharomyces cerevisiae regulator activates transcription in the metalated form (5, 29, 32) . It is more likely that the copper-binding regulator in C. reinhardtii evolved independently with a different function-i.e. to hold the cumulative, steady-state level of plastocyanin plus Cyt c6 constant. The regulatory molecule might well have adapted the type I copper site of plastocyanin to achieve this function.
We have noted that the amount of Cyt c6 that accumulates in C. reinhardtii cells is directly proportional to the amount of steady-state message levels, in contrast to other photosynthetic proteins whose messenger RNAs are synthesized in vast excess over the amount required to maintain the stoichiometry of photosynthetic electron transfer components (12, 17) . Thus, by linking the sensory range of the copper-binding regulator of the Cyt c6 gene to the holoplastocyanin content, the organism is able to measure indirectly the intracellular holoplastocyanin level and synthesize the right amount of Cyt c6 to compensate for any shortage in plastocyanin content resulting from copper deficiency. This seems appropriate because the sole function of Cyt c6 is to serve as a back-up for plastocyanin. The lack of basal level expression under conditions where the protein has no obligate function makes the Cyt c6 gene one of the most tightly regulated metaldependent genes (Fig. 4) .
